Abstract. We describe the implementation and characterization of activated ion electron transfer dissociation (AI-ETD) on a hybrid QLT-Orbitrap mass spectrometer. AI-ETD was performed using a collision cell that was modified to enable ETD reactions, in addition to normal collisional activation. The instrument manifold was modified to enable irradiation of ions along the axis of this modified cell with IR photons from a CO 2 laser. Laser power settings were optimized for both charge (z) and mass to charge (m/z) and the instrument control firmware was updated to allow for automated adjustments to the level of irradiation. This implementation of AI-ETD yielded 1.6-fold more unique identifications than ETD in an nLC-MS/MS analysis of tryptic yeast peptides. Furthermore, we investigated the application of AI-ETD on large scale analysis of phosphopeptides, where laser power aids ETD, but can produce b-and ytype ions because of the phosphoryl moiety's high IR adsorption. nLC-MS/MS analysis of phosphopeptides derived from human embryonic stem cells using AI-ETD yielded 2.4-fold more unique identifications than ETD alone, demonstrating a promising advance in ETD sequencing of PTM containing peptides.
Introduction
E lectron capture and transfer dissociation (ECD and ETD) are advantageous over collisional methods of peptide fragmentation due to their tendency to randomly fragment peptides while preserving labile post-translational modifications (PTMs) [1] [2] [3] . This feature has enabled the interrogation of peptides, proteins, and PTMs that were previously difficult to characterize, including localization and characterization of sites of glycosylation [4] [5] [6] [7] [8] , ADPribosylation [9, 10] , and phosphorylation [11] [12] [13] .
We and others have noted that ETD exhibits low dissociation efficiency for high m/z (low charge density) peptide precursor cations [14] [15] [16] [17] [18] . The ETD process is initiated by the transfer of an electron to the precursor cation from a reagent anion, which is followed, ideally, by a radical rearrangement that results in the production of c-and z • -type ions. Sometimes, however, precursor peptides accept an electron but fail to separate into c-and z
• -type product ions. The probability of precursor peptides undergoing such nondissociative electron transfer (ETnoD) [18] is elevated with increasing precursor m/z. McLafferty and co-workers, having observed non-dissociative electron capture products in ECD experiments, posited that noncovalent interactions bind the dissociated c-and z capture: activated-ion ECD (AI-ECD). These techniques share the common strategy of disruption of noncovalent cation peptide intramolecular interactions via vibrational activation prior to electron capture [20] [21] [22] [23] [24] [25] . This disruption leads to more efficient generation of c-and z • -type ions, and consequently higher dissociation efficiency.
Motivated by the activated-ion ECD methods, similar strategies have been pursued to enhance the dissociation product ion yield in ETD experiments. Increasing the bath gas temperature of a quadrupole ion trap during ETD results in some disruption of peptide secondary structure, allowing for improved ETD efficiency [26] . Alternatively, ETnoD products can be dissociated post-reaction into the respective c-and z • -type ions, using either ion trap-type, or beam-type collisional activation (termed ETcaD) [14, 18] . Though effective for increasing peptide sequence coverage, ETcaD techniques often produce odd electron c-type ions (c • -) and even electron z-type ions. These product ions, both of which are shifted~1 Da in mass of the expected c and z
• -type product ion masses, result from the abstraction of a hydrogen atom from the c-type ion by the z • -type ion while the two ions are bound together by noncovalent interactions [27] . ETcaD spectra thus contain product ion m/z peak "clusters," which are the superposition of the isotopic envelopes of both odd and even electron species that differ in monoisotopic mass by 1 Da, complicating both manual and automated spectral interpretation.
Recently, we have demonstrated a technique involving the vibrational activation of precursor ions with IR photons during the ETD reaction, activated-ion ETD (AI-ETD) [15, 28] . By continually disrupting peptide secondary structure, AI-ETD increases c and z-type product ion yield (efficiency), while minimizing the opportunities for hydrogen transfer; thus resulting in the near-exclusive production of even electron cand odd electron z • -type ions. Our initial AI-ETD work was with a standalone ETD-equipped linear trap instrument. On that instrument the IR photon beam was transmitted through a window on the rear of the vacuum manifold, through the reagent source, and directly down the axis of the analyzing quadrapole linear ion trap (A-QLT). Given the demonstrated merits of AI-ETD, it was only natural that we would seek to adapt AI-ETD to our ETD-capable hybrid QLT-Orbitrap instruments. Unfortunately, the mechanical design of the LTQ Orbitrap Velos ETD instrument was such that there was no comparably convenient way to illuminate the A-QLT's axis with an IR photon beam. The Orbitrap associated portion of the instrument was connected to the back of the ion trap analyzer vacuum chamber. We concluded that relocating the ETD reaction to collision cell modified to perform ETD would be the most mechanically expedient approach to adapting AI-ETD to this hybrid instrument.
To enable AI-ETD on a hybrid QLT-Orbitrap mass spectrometer the vacuum manifold and reagent transfer multipole were modified to allow irradiation of ions with IR photons from a CO 2 laser. The AI-ETD reaction is performed in a newly altered collision cell that allows charge sign independent trapping (CSIT) of both precursor cations and reagent anions, enabling ETD and AI-ETD to be performed without compromising its function as a conventional collision cell. Using this implementation of AI-ETD, we demonstrate an increase in fragmentation efficiency, as well as a reduction of hydrogen abstraction as previously described on standalone ion trap systems [15, 28] . In addition, implementation of AI-ETD on an Orbitrap system provides charge state (z) information for precursors, enabling automated control of ion irradiation to dissociate precursors, based on z and m/z, to achieve optimal product ion yield. Using real-time precursor ion data to determine the optimum laser power, we demonstrate that AI-ETD performed in the MDC identifies 1.6-fold more unique yeast tryptic peptides and 2.4-fold more unique human phosphopeptides than A-QLT ETD when used for LC-MS/ MS analysis.
Experimental

Sample Preparation
All peptides and chemicals were purchased from SigmaAldrich (St. Louis, MO, USA). Standard peptides were prepared by diluting stock solutions to~5 pmol/uL in 50/50 ACN with 0.2 % FA.
Wild-type yeast (Saccharomyces cerevisiae) was grown in YPD medium at 30°C to an optical density (OD 600 ) of 0.6. Cells were collected and centrifuged at 8000 rpm for 10 min at 4°C. The resulting cell pellet was washed twice with sterile water and centrifuged at 5000 rpm for 5 min at 4°C. Lysis buffer of approximately three times the cell pellet volume was added. The lysis buffer contained 8 M urea, 75 mM NaCl, 50 mM Tris (pH 8), 1 mM sodium orthovanadate, 100 mM sodium butyrate, complete mini EDTA-free protease inhibitor (Roche Diagnostics, Indianapolis, IN, USA), and phosSTOP phosphatase inhibitor (Roche Diagnostics). Drops of yeast lysate were flash-frozen in liquid nitrogen to form lysis popcorn. Equal volumes of lysis popcorn and acid-washed glass beads (Sigma) were added to the grinding jar. Cells were ruptured by bead-beating on a Restek MM4000 Mixer Mill using 3×4 minute cycles at 30 Hz. Lysates were transferred to fresh tubes and centrifuged at 5000 rpm for 15 min at 4°C. Cysteine residues were reduced and alkylated by incubating lysate with 5 mM DTT (final concentration) for 45 min at 37°C, followed by incubation in 15 mM IAA for 1 h at room temperature in the dark. The alkylation reaction was capped by incubating the reaction with DTT for 15 min at room temperature. Proteins were digested for 60 min at~5°C after the addition of 1 mM CaCl 2 , 50 mM Tris (to decrease urea to 1 M), and adjusting to pH 8 at an enzymeto-substrate ratio of 1:200 of trypsin (Promega, Madison, WI, USA). The digest was quenched by the addition of TFA to a final concentration of 0.5 % (pH 2), and desalted via solid phase extraction on a 50-mg tC 18 SepPak cartridge (Waters, Milford, MA, USA).
To prepare phosphopeptides, human embryonic stem cells were lysed in ice-cold 8 M urea, 40 mM NaCl, 50 mM tris (pH 8), 2 mM MgCl 2 , 50 mM NaF, 50 mM beta-glycero phosphate, 1 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 1X mini EDTA-free protease inhibitor (Roche Diagnostics), and 1X phosSTOP phosphatase inhibitor (Roche Diagnostics). To solubilize protein, and ensure complete lysis, samples were sonicated three times, for 15 s, with 30 s pauses. Total protein was then quantified using a BCA protein assay kit (Thermo Scientific Pierce, Rockford, IL, USA), reduced by adding DTT to a final concentration of 5 mM, and alkylated with 10 mM iodoacetamide. Digestion was carried out by adding trypsin (Promega) at a 1:100 enzyme-to-protein ratio, and incubating at 37°C for 2 h. At this time, the lysate was diluted with 25 mM tris (pH 8) to a final urea concentration of 1.5 M, and further digested for 12 h at 37°C with trypsin (Promega), at a 1:100 enzyme-to-protein ratio. Peptides were then acidified with TFA, to quench the reaction, and de-salted using C-18 solid phase extraction (SPE) columns (Waters).
Phosphopeptides were enriched from 1 mg of protein, via immobilized metal affinity chromatography (IMAC) using magnetic beads (Qiagen, Valencia, CA, USA). Following equilibration with water, the beads were treated with 40 mM EDTA (pH 8.0) for 30 min with shaking, and washed again 3× with water. The beads were then incubated with 100 mM FeCl 3 for 30 min with shaking, and finally were washed three times with 80 % acetonitrile/0.1 % TFA. Samples were likewise resuspended in 80 % acetonitrile/0.15 % TFA, and incubated with beads for 45 min with shaking. The resultant mixture was washed three times with 1 mL 80 % acetonitrile/0.1 % TFA, and eluted using 1:1 acetonitrile-to-0.7 % NH 4 OH in water. Eluted phosphopeptides were acidified immediately with 4 % formic acid and lyophilized to~5 μL.
Mass Spectrometry and Chromatography
All experiments were performed on an ETD-enabled, hybrid, dual-cell, quadrupole ion trap-Orbitrap mass spectrometer (Velos-Orbitrap, Thermo Fisher Scientific, San Jose, CA). A modified collision cell comprising four sections with independently controllable DC biases and supplemental rf voltage applied to the cell end lenses replaced the usual collision cell. This multi-dissociation cell (MDC) is capable of performing charge sign independent trapping, enabling ETD, in addition to remaining a collision cell for beam-type CAD fragmentation. To support the new devices and the associated scan functions, we extensively modified the instrument control code.
The instrument was also modified to allow for concurrent excitation of the ETD precursor population by IR photon irradiation. IR photons were generated with an external Firestar T-100 Synrad 100-W CO 2 continuous wave laser (Mukilteo, WA, USA), which was triggered on and off through the mass spectrometer firmware. To create a line-ofsight between our IR photon source and the MDC, a ZnSe window was installed, concentric with the trapping volume of the MDC (Figure 2 ). A photon passage was excavated through the ETD reagent anion transfer multipole, which conducts ions to the MDC. This enabled the introduction of IR photons to the trapping volume of the MDC. The collision gas (N 2 ) level within the MDC was lowered to reduce the amount of collisional cooling during AI-ETD. The ΔN 2 , as measured by the Penning gauge reading when the collision gas is on versus off, was~0.1 for all AI-ETD analyses. Note that placement of the MDC is such that reagent anion isolation is no longer available, potentially leading to proton transfer side-reactions; however, the results presented here evince a relatively low rate of these sidereactions as MDC AI-ETD outperforms A-QLT ETD.
During AI-ETD MS/MS analysis, the A-QLT was used to trap and isolate precursor cations. Cations were then transferred to the MDC and sequestered in the front sections of the cell. The DC voltages of the back sections were set to positive values suitable for accumulation of ETD reagent anions. After anion injection ETD was initiated by setting all DC offsets of the MDC to 0 V and applying an axial rf voltage to the end lenses of the MDC. At this time IR photons were introduced at a level associated with the charge and mass to charge of the selected precursor. The AI-ETD reaction was quenched by setting the center two sections to negative DC offsets, followed by m/z analysis using the Orbitrap.
For all MS/MS experiments the precursor AGC target was set to 10 5 , the reagent AGC target was set to 5×10 5 , the maximum injection time for precursors was set to 1 s, the maximum injection time for reagent ion injection was set to 100 ms, and m/z analyses were performed in the Orbitrap at a resolution of 7500 with one micro scan.
LC separations of unmodified and phosphopeptides were carried out using a NanoAcquity UPLC system (Waters, Milford, MA, USA) as previously described: using a 90 min gradient of 2 % to 10 % B (0.2 % formic acid in ACN) over 30 s, followed by a linear gradient increasing buffer B to 28 % over 60 min, followed by a ramp up to 70 % B over 2 min, and held for 5 min [29] . The gradient was dropped back to 98 % A (0.2 % formic acid in H2O) over a period of 2 min, and allowed to re-equilibrate for 20 min. During the LC-MS/MS analysis of unmodified and phosphopeptide complex mixtures, mass spectrometric methods consisted of an MS 1 scan, followed by consecutive ETD, and AI-ETD data-dependent MS/MS scans of the five most intense precursors. Precursors were dynamically excluded for 45 s using an isolation window of±1.5 Th. Unless otherwise specified, AGC target values were 1×10 6 for MS 1 , 1×10 5 for MS/MS analysis, and an ETD reagent AGC target of 2×10 5 .
Database Searching and Data Analysis
For phosphopeptide and unmodified peptide LC-MS/MS analyses, data reduction was performed with COMPASS [30] , a program that converts output files to searchable text files, as described previously. OMSSA (ver. 2.1.8, www.yeastgenome.org) was used to search spectra against the concatenated target-decoy SGD yeast database (downloaded 01-05-2010). Average mass tolerances of +/− 5 Th and +/− 0.01 Th were used for precursor and product m/z, respectively, with carbaminomethylation of cysteine set as a fixed modification, and oxidation of methionine set as a variable modification. All analyses were independently filtered to 1 % false discovery rate, at the unique peptide level, using the concatenated forward-reverse database method, as previously described [31] [32] [33] . C-and z-type fragment ions were searched for both ETD and AI-ETD spectra. For LC-MS/MS analysis of the unmodified, limited tryptic digest, up to eight missed cleavages were considered; for LC-MS/MS analysis of the complex mixture of phosphopeptides, up to three missed cleavages were considered. Phosphopeptide site localization and assignment of peptides (both unmodified and phosphorylated) to corresponding proteins were carried out as previously described [12] .
Results and Discussion
AI-ETD Performed on a Hybrid QLT-Orbitrap MS
Traditionally, ETD has underperformed when interrogating precursors with high m/z values (i.e., low charge densities). Peptide secondary structure, more prevalent with increasing precursor m/z, can bind newly formed c-and z • -type product ions following electron transfer, preventing the formation of sequence informative fragment ions (ETnoD). Early work in our group sought to address this shortcoming through the use of resonant-excitation of the ETnoD species to induce separation of the bound c-and z • -type product ions (ETcaD). The major deficiency associated with the ETcaD approach is that while they are bound by peptide secondary structure, the z • -type ion may abstract a hydrogen atom from the c-type ion, shifting the m/z value of each product ion by~1 Da, and confounding spectral interpretation. An alternative approach is to bathe precursor peptides in IR photons during the ETD reaction (activated-ion ETD, AI-ETD) [15, 28] . In so doing, we continually disrupt secondary structure and improve ETD fragmentation efficiency. Moreover, AI-ETD spectra show little evidence of hydrogen abstraction, leading to improved responsiveness to automated searching algorithms [28] .
Prior to the present study, AI-ETD has been limited to implementation on stand-alone ion trap systems. For many applications, particularly whole protein characterization and large-scale peptide analysis, high resolution m/z analysis has had a transformative effect [29] . To enable this combination, we utilized a modified collision cell comprising four sections with independently controllable DC biases (Figure 1a ). This change allows for simultaneous and separate storage of precursor and reagent ions. The end lenses of the collision cell were modified for the application of secondary rf (axial) confinement voltage, enabling charge-sign independent trapping (CSIT) and ETD. This modified collision cell has been termed the multi-dissociation cell (MDC) as it enables ETD and AI-ETD in addition to remaining a collision cell for beam-type CAD. The mass spectrometer manifold was modified such that photons were introduced to the MDC through a ZnSe window (Figure 1b) . A hole was excavated in the transfer multipole, which conducts anions from the CI source to either the A-QLT, or the MDC (Figure 1b) . This modification enables the immersion of ion-ion participants in IR photons, allowing for AI-ETD. The instrument firmware was then modified to trigger the external IR laser upon commencement of ETD within the MDC.
Additionally, the level of the collision gas (N 2 ) needed to be lowered such that the ΔN2 (difference between N2 off and on) determined by the Penning gauge reading is~0.1, rather than the normal~0.3. High amounts of ΔN 2 will cause collisional cooling and reduce the amount of unfolding provided by IR irradiation, reducing the amount of fragmentation by AI-ETD. Currently, this dictates that the instrument be used for AI-ETD or HCD, but not within the same nLC-MS/MS experiment, as altering the ΔN2 flow necessitates recalibration of ion transfer optics.
To demonstrate the application of AI-ETD on a hybrid LTQ-Orbitrap instrument, the doubly protonated peptide RPKPQQFFGLM was infused and interrogated with ETD or AI-ETD performed in the MDC (Figure 2 ). Upon introduction of IR photons nearly all fragment ions increased in intensity when this peptide is activated for the same time, 50 ms ( Figure 2) . Specifically, c 6 considerably increased when fragmented by AI-ETD, while c 4 , c 5 , and z (Figure 2b ). These data demonstrate the updated implementation of AI-ETD still improves fragmentation and reduces hydrogen abstraction, with the added benefit of high mass accuracy m/z analysis of fragment ions.
Optimization of Laser Power Decision Tree Values
Recall AI-ETD was first implemented on a standalone linear trap instrument, which cannot determine charge states in normal scan modes. This limited all AI-ETD reactions to the same reaction time and laser power setting regardless of precursor z and m/z. High resolution MS 1 analysis yields charge state information, enabling construction of decision tree logic to apply laser irradiation at differing levels tailored to precursor z and m/z.
To determine the laser power setting for decision tree analysis, yeast tryptic peptides were analyzed in nine separate nLC-MS/MS experiments analyzing precursors having z02, 3/4, or 5 at laser powers of 30, 40, or 50 W. Identifications resulting from these experiments were grouped into 50m/z bins from 450 to 900 and the probability of identification for each group was determined by dividing the number of identifications by the number of precursors selected in the given bin. Figure 3a depicts the result of this analysis for all triply charged precursors. Here, low m/z precursors are fragmented best with laser powers of 30 or 40 W; however, for peptides greater than 700m/z, 50 W becomes the most successful laser power setting. Using the probability of identification for each charge state and m/z bin we constructed a decision tree logic that mapped laser power to the peptide z and m/z (Figure 3b) . Note, for precursors with charge states ≥5 laser power settings for each m/z bin were highly variable due to a lower number of identifications for these higher charge states (Figure 3b ). The instrument control firmware was updated to enable control of laser power in real-time corresponding to these values. This decision tree logic was used for large scale comparison of AI-ETD to ETD using yeast tryptic peptides. 
High Resolution AI-ETD Analysis of Yeast Tryptic Peptides
High resolution AI-ETD utilizing the MDC is more amenable to large scale analysis of peptides as compared to A-QLT ETD since MDC AI-ETD is faster and provides better fragmentation for high m/z precursors. To demonstrate improved identification of peptides for large scale analysis two nLC-MS/MS experiments were performed using ã 120 min LC gradient to separate a limited tryptic digest of yeast protein extract. In one experiment, the A-QLT was used to conduct ETD; in the other experiment, we used the MDC to conduct AI-ETD. Using A-QLT ETD, 4643 peptide spectral matches (PSMs), at a 1 % false-discovery rate (FDR) were produced, corresponding to 2368 unique peptides (Figure 4a ). Using the MDC and conducting AI-ETD, we obtained 8256 PSMs, correlating to 3789 unique peptides (Figure 4a ). MDC AI-ETD, identified nearly all unique peptides obtained using conventional ETD, while also identifying a large number of peptides that were not identified using conventional ETD (Figure 4b ). The~80 % increase in the number of PSMs is due to decreased scan times offered by the MDC as well as IR activation, which increased the probability of peptide identification for each individual MS/MS event. Use of the MDC enables faster ETD reactions and requires less time to accumulate reagent anions relative to the A-QLT; the result is that the average scan time for MDC AI-ETD events is~40 ms faster than A-QLT ETD events. This, in turn, enables the collection of 1500 more MS/MS scans. While the increased number of MS/MS scans generates more identifications, the true benefit of AI-ETD comes from the increased probability of identifications for higher m/z precursors due to IR activation concomitant with ETD ( Figure 4c) . To examine the difference in identification rate, individual PSMs were binned by precursor m/z, and divided by the total number of spectral features sampled over the course of the analysis. The resulting data provide a measure of peptide identification rate, as a function of precursor m/z, for both conventional ETD, and MDC AI-ETD (Figure 4c) . ETD performance drops quickly as precursor m/z increases, a phenomenon previously noted in the literature [17] . This diminishing performance is attributed to decreased peptide charge density and higher magnitudes of gas-phase secondary structure, which impair separation of c-and z • -type product ions. By disrupting the secondary structure using Figure 3 . Construction of decision tree laser power settings. Precursors of varying charge state were interrogated by AI-ETD with laser powers at 30, 40, and 50 W. The probability of identification for 50m/z bins for +3 precursors demonstrates the need for higher laser powers at higher m/z (a). Analysis identical to (a) was performed for charge states 2, 3, 4, 5, and 95, and plots were used to construct decision tree logic for AI-ETD laser power settings depending on precursor z and m/z (b). Here, the laser power setting that produced the highest probability of PSM was chosen as the value in the decision tree AI-ETD, performance still diminishes somewhat with increasing precursor m/z; in general, however, performance is far more uniform across a wide range of precursor m/z values.
An example of the advantages offered by AI-ETD, compared with ETD, for precursor peptides with high (9800) m/z values, is shown in Supplementary Figure S1 . ETD of triply protonated peptide SVEMHHEQLEQGVPGDNVGFNVK produces only two sequence informative ions, translating to 9 % peptide sequence coverage. AI-ETD, in addition to requiring only 40 % of the ion-ion reaction time relative to the A-QLT, results in the generation of 27 product ions, with peptide sequence coverage of 82 %. Use of MDC and IR photons ultimately results in superior fragmentation in less time than conventional ETD performed in the A-QLT. 
High Resolution AI-ETD Analysis of Phosphopeptides
There has been tremendous interest in the application of ETD to the analysis of phosphopeptides; the initial description of ETD included multiple MS/MS spectra, demonstrating the ability to localize sites of phosphorylation [1] , and a number of high-profile phosphorylation studies, utilizing ETD, have verified its importance to the field [34] [35] [36] . It is, therefore, important to evaluate the MDC and AI-ETD in the context of phosphopeptide analysis. An apparent caveat associated with AI-ETD of phosphopeptides is the unintended production of b-and y-type ions. Such ions result from vibronic excitation and are not typically observed in the AI-ETD spectra of unmodified peptides. We rationalize that this is because phosphopeptides have much higher IR photon absorption efficiencies than unmodified peptides [37, 38] .
To investigate this phenomenon, AI-ETD was performed at a number of different laser powers (20, 30, 40 , and 50 W) fo r syn thetic p hosp hop eptide s con t ainin g one (LPISASHsEKTR) or two (LPIAASHssKTR) phosphorylat- Figure 5 . Comparison of A-QLT-based ETD and MDC-based AI-ETD for phosphopeptide analysis. Use of the MDC AI-ETD results in a greater number of PSMs, phosphopeptide PSMs, and unique phosphopeptides identified (a), while retaining a high proportion of the unique phosphopeptides obtainable using A-QLT-based ETD (b). This is largely due to greatly enhanced probability of PSM, particularly for high m/z precursors (c) afforded by the IR activation of precursors during ETD ed residues (Supplementary Figure S2) . As with unmodified peptides, irradiation with IR photons during ETD increased the fragmentation efficiency of peptides as compared to ETD alone (Supplementary Figure S2) . Analysis of the doubly charged forms of these standard peptides demonstrated increased adsorption of IR radiation, evidenced by increased vibronic-type and neutral loss ions, as the number of phosphorylated residues increased. For the singly phosphorylated peptide LPISASHsEKTR, AI-ETD appears to be most efficient at a laser power of 40 W (Supplementary Figure S2A) , resulting in 10 c-or z Figure S2B) . Using these data, a laser power of 35 W was used in large-scale analysis of human phosphopeptides, as it represented an effective compromise between detrimental formation of vibronic-type products and effective peptide secondary structure disruption.
High Resolution AI-ETD Analysis of Human ES Cell Phosphopeptides
To investigate the efficacy of MDC AI-ETD for large-scale phosphopeptide experiments, two nLC-MS/MS experiments were conducted. In one experiment, the A-QLT was used to conduct ETD; in the other experiment, the MDC was used to perform AI-ETD. Analysis using the A-QLT produced 1164 PSMs, corresponding to 980 phosphopeptides, 647 of them unique (Figure 5a ). In contrast, use of MDC AI-ETD results in 3271 PSMs, corresponding to 2736 phosphopeptides and 1575 unique phosphopeptides ( Figure 5a ). As with unmodified peptides, MDC AI-ETD identified most phosphopeptide sequences by A-QLT ETD, while also identifying 1169 phosphopeptides not sequenced by A-QLT ETD (Figure 5b ). These resulting data were treated similarly to the large scale experiment using unmodified peptides (vide supra). Data were again searched using OMSSA, and PSMs within a 1 % FDR were binned by precursor m/z and divided by the number of spectral features sampled, providing a measure of success for both ETD and AI-ETD, as a function of precursor m/z (Figure 5c ). AI-ETD produces more phosphopeptide PSMs than ETD, particularly for high m/z precursors. Increasing precursor m/z has a detrimental effect on the ability of ETD to generate PSMs. While AI-ETD is, likewise, less effective for high m/z precursors compared with low m/z precursors, the difference in overall performance is far less dramatic.
An example of the improvement MDC AI-ETD offers over conventional ETD conducted in the A-QLT is shown in Supplementary Figure S3 . Here, a triply charged phosphopeptide VVDYSQFQESDDADEDYGR was fragmented by A-QLT ETD or AI-ETD performed in the MDC. AI-ETD results in much higher ETD fragmentation efficiency and a much greater diversity of product ions as compared to A-QLT ETD. AI-ETD of this peptide produces a small amount of collisional activation as b-and y-type ions are produces upon IR irradiation; however, these ions do not inhibit peptide identification through database searching. The improvements in identification rates demonstrate that AI-ETD performed in the MDC will improve large scale analysis of PTM containing peptides as compared to A-QLT ETD.
Conclusions
This implementation of AI-ETD on a hybrid QLT-Orbitrap mass spectrometer represents an advance in ETD fragmentation that will aid in large scale identifications of both unmodified and PTM containing peptides. We have demonstrated that simple instrument modifications allowed the introduction of IR photons to the multi-dissociation cell (MDC), enabling the use of IR photon activation concomitant with ETD (AI-ETD). Utilizing high mass accuracy MS 1 scans yielded charge state information for selected precursors, which facilitated the construction of decision tree logic for the applied level of irradiation during AI-ETD. Use of AI-ETD substantially enhanced ETD fragmentation efficiency for unmodified peptides and, importantly, phosphopeptides. When used in large-scale analysis, AI-ETD resulted in nearly a two-fold increase in the number of unique unmodified peptides identified (2368 vs. 3789), and almost three times as many unique phosphopeptides (647 vs. 1575) over an nLC-MS/MS experiment, as compared to unassisted ETD performed in the A-QLT.
The improved performance of AI-ETD will be valuable for further studies of PTM containing peptides and proteins that are difficult to sequence with collisional methods. nLC-MS/MS analysis of larger peptides or proteins should benefit from the greater fragmentation efficiency of AI-ETD. Likewise, using AI-ETD to study glycopeptides could present an avenue to collecting spectra containing both peptide and glycan fragmentation in a single spectrum. In addition, the added specificity of high mass accuracy through Orbitrap analysis removes limits of low resolution analysis on ion trap instruments when analyzing bigger species, such as proteins. Lastly, the recent description of TMT reagents amenable to ETD fragmentation will allow researchers to quantify peptides using only ETD fragmentation [39] . In these types of analyses, AI-ETD would represent a significant advance in improving data quality for quantitative analysis of biological systems.
